Inhaled CdCl 2 is a pulmonary carcinogen in rats but not in mice. We hypothesized that pulmonary metallothionein (MT) induction may be different in both species and thereby may lead to different levels of protection from Cd-induced lung injury. Fisher-344 rats and B6C3F! mice were exposed for 4 weeks to CdCl 2 aerosols of 0, 30, 50, and 150 ^g/m 3 air or 0, 10, 30, and 100 /ig/m 3 air, respectively. Animals from each exposure group were terminated at 1, 30, and 133 days after the end of exposure. The lungs were lavaged for cell and biochemical analyses. Cadmium and MT in lavagate and lung tissue were measured. The retention half-time of pulmonary Cd was greater in mice (290 vs 90 days, p < 0.05). Cd exposure provoked an inflammatory response which was dose-dependent in both species, and while it was only short-lived in rats, it persisted throughout the observation period in mice at the high exposure concentrations. Mice were found to have a greater baseline level of MT (18.04 ± 6.96 vs 11.7 ± 1.98 fig MT/g control lung, p < 0.05). Mice showed greater inducibility of MT for a given CdCl 2 exposure concentration; however, both species had a similar relationship between retained pulmonary Cd and MT induction though mice maintained increased MT levels for a longer period of time. The greater pulmonary baseline MT together with the longer presence of Cd-induced pulmonary MT may result in greater protection from Cd carcinogenicity in spite of the greater pulmonary Cd-induced inflammation in mice. © 19%
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Inhaled cadmium (Cd) has been linked with lung cancer in humans through epidemiologic studies (Thun, 1985; IARC, 1993) . The connection between Cd inhalation and lung carcinogenesis in animal models is dichotomous. Rats will readily develop lung tumors in a dose-dependent fashion after inhalation of Cd compounds while the inhalation of the same Cd compounds by mice and hamsters will not induce lung tumors (Takenaka et al, 1983; Glaser et al, 1990; Thiedmann et al, 1989; Heinrich et al, 1989) . This significantly different response between rats and mice has also been observed after chronic inhalation of high concentrations of solid particles such as talc, TiO 2 , carbon black, and diesel soot, which induced lung tumors in rats but not in mice (Lee et al, 1985; NTP, 1993; Nikula et al, 1995; Heinrich et al, 1995) . Different strains of rats and mice have been used in the different studies with cadmium and solid particles, including the standard strains for chronic NTP bioassays, i.e., Fischer-344 rats and B6C3F, mice. The species-specific lung tumor response was found in all of them and we decided, therefore, to use those standard strains in our subsequent studies. With respect to particle-induced lung tumors in rats, a condition of lung particle overload is thought to be the basis (Oberdorster, 1995) , yet this condition does not occur after low-level Cd exposure. Thus, the reasons for these species differences in tumorigenic response to inhaled Cd are not known yet and studying them provides a unique opportunity to gain a better understanding of the mechanisms important for Cd carcinogenesis, which may include species differences in metallothionein (MT) induction and turnover.
MT is a low-molecular-weight protein which is highly conserved throughout the animal kingdom. The major role of MT appears to be its involvement with essential metal homeostasis, specifically its physiologic association with zinc and copper metabolism. It has also been suggested that MT plays a role in protecting cells from heavy metal toxicity (e.g., Cd, Hg) and oxidant stresses and, moreover, that MT may protect cells from the carcinogenic effect of Cd by sequestering Cd. The reader is referred to several reviews for further details of the role of MT with respect to heavy metal toxicity, its antioxidant properties, and inducibility by different stimuli (Sato and Bremmer, 1993; Waalkes and Goering, 1990; Cherian and Nordberg, 1983; Dunn et al, 1987; Hart and Garvey, 1986; Post et al., 1982) .
Previous work has shown that Cd will provoke MT induction in the lungs of exposed species (Post et al, 1982; Hart and Garvey, 1986) . Recent investigations in our laboratory have demonstrated that rats and mice may differ with respect to pulmonary MT levels and MT induction in relation to Cd exposure (Oberdorster et al., 1994) . In this recent study, mice were found to have greater lung inflammatory response, epithelial cell proliferative response, and pulmonary MT induction than rats when exposed to the same aerosol concentration of 100 fig CdCl 2 /m 3 air for 4 weeks. Mice were also found to have a greater pulmonary baseline MT concentration than rats. However, it was also observed that the lung dose of retained Cd was twice as high in mice as in rats when expressed per gram of lung weight. Although no doseresponse relationship was established, these results suggested potential significant species differences in MT inducibility, which may contribute to the differences in tumorigenesis observed in rats and mice upon Cd inhalation exposure.
The objective of the current investigation is to expand upon these previous observations and clarify exposure-response relationships and dose-response relationships between inhaled Cd exposure and lung MT induction. This study is based on the hypothesis that rats and mice differ in their response to inhaled Cd with respect to the inflammatory response and induction of MT and Cd retention in the lung over a range of exposure concentrations. Results will provide a better understanding of the mechanisms responsible for pulmonary Cd toxicity and carcinogenicity.
METHODS
Forty-eight male Fisher 344 rats (body weight, 237-310 g) (Harlan, Frederick, MD) and 48 male B6C3F, mice (weight, 23.1-32.7 g) (Taconic Farms, Germantown, NY) were used. Rats and mice were randomly assigned in four groups of 12 with each group exposed to different CdCl 2 aerosol concentrations. The rat exposure levels included 0 (sham, air control), 30, 50 and 150 fig CdG 2 /m 3 air. The exposure levels for the mice included 0 (sham, air control), 10, 30, and 100 fig CdCl 2 /m 3 air. The lower exposure concentrations in mice were selected because our previous study showed a greater lung dose in mice when exposed to the same inhaled concentration as rats. The exposures lasted 6 hr a day, 5 days a week, for 4 weeks. The animals were exposed in whole-body inhalation chambers with horizontal flow and individual compartmentalized housing. The CdCl 2 aerosol was generated with an ultrasonic nebulizer containing a CdCl 2 solution (2 mg CdCl 2 /ml). The particle size of the CdCI 2 aerosol measured with a Mercer multistage impactor in the exposure chamber had a mass median aerodynamic diameter of 0.77 fim with a geometric standard deviation of 1.43.
Groups of four animals at each exposure level for each species were terminated at I, 30, and 133 days after the end of the 4-week exposure. The animals were killed with intrapentoneal injection of an overdose of sodium pentobarbital followed by exsanguination from carotid artery transsection. The trachea was cannulated and the lungs were removed en bloc and weighed.
Bronchoal veolar lavage was performed as previously described (Oberdorster el al., 1994) . Briefly, normal saline (0.9% NaCl) at room temperature was used and 5-ml (rats) or 1-ml (mice) aliquots were used for lavage which was performed a total of 10 times for each animal. The lavage fluid was analyzed for total cell counts, cell differential, cell viability (trypan blue exclusion), protein content as indicator for epithelial integrity (Micro BCA Protein Kit, Pierce, Rockford, IL), LDH activity (Leathwood el al., 1972) , and /3-glucuronidase activity (Stahl and Fishman, 1984) as cytoplasmic and lysosomal indicators of cell injury. Aliquots of lavage fluid were also set aside for MT and Cd analysis (see below).
The right and left lungs were separated and weighed. The right lung was "snap-frozen" in liquid nitrogen and saved for MT and Cd analysis. The MT analysis on tissue and lavage fluid was performed with the silver-heme assay as described previously (Scheuhammer and Cherian, 1986) . Cd tissue content was determined by flame atomic absorption spectroscopy after the tissue was digested with acid. Tissue Cd and MT levels are expressed per gram wet weight of control lung. This adjustment was made for two reasons. One, when the value is expressed on a per gram control lung basis the effect of lung tissue edema from the inflammatory response is controlled. Also, by making the control lung adjustment, a direct comparison between rat and mouse tissue concentrations can be made.
Statistical methods. Lung lavage parameters were compared using a one-way analysis of variance (ANOVA) followed by t tests for individual comparisons (LSD method of multiple comparisons). Means for the four doses were analyzed separately for each day for both rats and mice. Elimination constants were estimated for each dose/day/species by linear regression analysis of log cadmium levels. Half-times were then estimated by means of a reciprocal transformation, and asymmetric confidence intervals were calculated by transforming the corresponding symmetric confidence limits. Half-times were compared by analysis of the rate constants using analysis of covariance (ANCOVA). The ANCOVA included analysis of residuals, as a check on the required assumptions of normally distributed errors with constant variance. Asymmetric confidence intervals were then calculated for the corresponding half-times for both rats and mice.
The association between the exposure level of cadmium and the corresponding induction of MT was examined by polynomial regression analysis. Trends up to third order were estimated separately for rats and mice, and the two regressions were compared in order to look for species differences in the relationship between cadmium and MT. Each regression analysis also included an analysis of residuals.
RESULTS
Tables 1 and 2 demonstrate the cellular and biochemical characteristics of the lavage fluid obtained from rats and mice for each of the exposure levels and time points. Most evident is the inflammatory response in both species as manifested by the percentage PMN in lavage. The mice have a brisk CdCl 2 -exposure-related PMN response (Day 1 after 4-week exposure) which slowly resolves with time. The rats also have an early significant exposure-related PMN response which is comparable to the mice at Day 1 after the 4-week exposure. But the PMN response resolves more quickly in rats after the end of exposure and is essentially back to control levels by 30 days after the end of exposure. The total protein, LDH activity, and /3-glucuronidase activity in lung lavage fluid of both species generally increase with exposure but this increase is more persistent in mice although the results are more variable compared to the PMN data (Tables 1 and 2 ). In general, they confirm the greater and more persistent toxicity of the subchronic Cd inhalation in mice compared to rats.
Lung dosimetry data for the Cd exposure in the two species are outlined in Table 3 . It is evident that the retained lung Cd at the end of exposure was similar for the two species in the low-and medium-dose groups, but is about twice as high in mice in the high-exposure group despite the lower exposure concentration. Cd lung burden data up to 133 days after exposure were used to estimate the pulmonary retention half-times for Cd. A large difference in lung Cd retention half-time was found. The rat data were consistent with a retention half-time of 90 days, whereas the mice data could be described by a halftime of 290 days. These pulmonary retention half-times and their confidence intervals are given in Table 3 , and Fig. 1 shows the normalized individual data points for rats and mice with the respective fitted retention curves.
The baseline MT in the lungs of the control animals (expressed as per gram of lung wet weight) was found to be significantly greater in mice compared to rats. This is illustrated in Table 4 , which shows that both MT in the lavaged lung and total lung MT (MT in lavaged lung + MT in lavagate) were greater in mice than in rats. Pulmonary Cd levels within a species decreased at the same rate independent of the exposure concentration so that the individual data points (four per exposure concentration and time point for each species) could be normalized (Day 1 = 100%). Cd/g The exposure-response relationships between inhaled Cd concentration and pulmonary MT content for the different time points after exposure are shown in Fig. 2 . There is a clear trend for MT induction which increases with increasing exposure to Cd in both species. The mice demonstrate greater lung tissue MT concentration than rats for a given exposure concentration, which is most obvious in the highest exposure group throughout all three time points postexposure. Pulmonary MT concentrations decrease with increasing time after cessation of exposure so that by Day 30 the rat MT concentrations are nearly back to control levels except for the highest exposure group. By Day 133 the MT content in rat lungs was at control levels in all dose groups. In contrast, in mice pulmonary MT concentrations fell more slowly and even at 133 days the highest exposure group was still above control levels.
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Of greater relevance for biological effects are Cd/MT dose-response relationships which are shown in Fig. 3 . In this figure the MT concentration of the lung, expressed per unit control lung weight, is correlated with the Cd content of the lungs, which has also been adjusted for the appropriate control lung weights. The data of all three postexposure time points were used for each species. Both species demonstrate a curvilinear relationship between lung Cd content and lung MT levels. Second-and third-order polynomial regression functions of the data from the two species have excellent fits, as demonstrated by the very high R 2 values, and the two regressions are significantly different (F test < 0.05). However, the comparison of the regressions is highly influenced by the one data point of the rat plot with the highest MT content and highest Cd content. While this data point is an average of four individual rats and the regression provides an excellent fit through this data point, it is evident that even a small change in the placement of this point will have a large impact on the regression relationship. Thus, although statistically the rat and mouse dose-response relationships may be diverging at higher lung Cd levels, it appears that from a biological point-of-view the doseresponse relationships of Cd-induced pulmonary MT are very similar in both species. However, since the pulmonary line MT, and exposure-response relationships between rats and mice. This study also demonstrates an important similarity in dose-response relationships between the species.
First, an evaluation of lung dosimetry demonstrated comparable Cd burdens in the lungs of both species at the end of the 4-week Cd inhalation exposure (Table 3) . However, deposition of inhaled Cd per unit time appears to be greater in mice than in rats since higher exposure concentrations of CdCl 2 had to be used in rats to achieve similar lung burdens. The higher ventilation per unit body weight in mice can explain this greater deposition per unit time.
In addition to increased deposition, the mice retained the deposited Cd in their lungs with an approximately three times longer retention half-time than the rats (Table 3, Fig.  1 ). This large difference in pulmonary retention half-time resulted in greater Cd lung burdens in mice at the postexposure time points than in rats. This would be expected to have a significant impact on the difference in Cd toxicity between the two species, i.e., one would predict mice should show greater and more persistent toxic responses than rats. This, indeed, was found with respect to pulmonary inflammation.
Second, the mice were also found to have a significantly greater baseline pulmonary MT content than the rats. This confirms a similar observation in previous work (in BalbC mice and F344 rats) (OberdQrster et al., 1994) . The present observation carries further weight because it was demonstrated in a different mouse strain than the previous study. Pulmonary background Cd levels were also found to be higher in mice. Whether the higher baseline MT level is due to the greater baseline lung Cd content in mice remains open. However, we suggest that mice may have a greater protection from Cd toxicity because of the higher baseline MT level.
There are several examples of the protective effects of MT against the genotoxicity of Cd in tissues other than lung and also in cultured cells. In vitro cell culture experiments retention half-time for Cd is longer in mice than in rats the corresponding MT levels in mice are also maintained at an elevated level for a longer period of time.
DISCUSSION
Previous observations by Oberdorster et al. (1994) have shown that rats and mice may be different in several respects related to the toxicology of inhaled Cd compounds. Such differences include the pulmonary inflammatory response, MT induction, and cellular proliferative response. The previous data also suggest that there is a difference in basal lung MT content between the two species. The current work extends some of the previous observations and demonstrates several important differences in inhaled Cd dosimetry, base- have demonstrated that induction of MT synthesis can protect rat liver cells from the genotoxic effects of cadmium salts (Coogan et ai, 1994) . Similarly, rat testicular cells with minimal levels of MT are more sensitive to the genotoxicity of cadmium salts (Shiraishi et al., 1995) . Suggestive of the protective effect of MT specifically for Cd-induced lung tumors are results from a chronic inhalation study in rats by Glaser et al. (1990) which demonstrated that combined exposures of rats to CdO plus ZnO significantly reduced the lung tumor rate caused by CdO exposure alone. Inhalation of ZnO is known to be a stronger inducer of pulmonary MT than inhaled CdO (Oberdorster and Kordel, 1981) .
When evaluating the exposure-response relationship between aerosolized Cd exposure, the pulmonary inflammatory response (as demonstrated by increase in lavage PMN), and pulmonary MT induction, further species differences appear. The mice seem to have a greater and longer-lasting PMN response than rats (Tables 1 and 2 ). A similar difference between species was also found for exposure-response relationship for pulmonary MT (Fig. 2 ). These differences between rats and mice are probably related to several factors. One, the mice deposit more Cd per unit time in their airways than the rats, possibly inducing a greater PMN and MT response. Second, the longer-lasting PMN and MT response in the mice is conceivably related to the much longer pulmonary retention half-time of Cd in the mice. The more persistent inflammatory response in mice may also play a role in the induction of MT. For example, suggested a role of oxidative stress and inflammatory mediators for induction of MT in the liver. The exposure-response findings in this study explain the differences in PMN and MT responses found in the previous study (Oberdorster et al., 1994) .
However, exposure-response relationships do not consider pulmonary dosimetry, and differences in MT induction between the two species seem to disappear when respective dose-response relationships are examined. The plots describing the correlation between lung Cd dose and lung MT are very similar for rats and mice (Fig. 3) , although by statistical criteria the two plots are significantly different. But the statistical difference is based on only one point in the rat dose-response relationship which may raise doubts about the biological significance. Additional data points at even higher exposure concentrations and respective lung Cd doses for rats would be required to resolve this issue. Although this would have been of interest for the purpose of species comparison, such higher exposure concentrations would have no relevance for realistic human exposures.
Of importance are the different pulmonary retention halftimes for Cd between rats and mice, which need to be viewed in the context of the Cd-dose-MT-response relationships. For example, the Cd retention half-time in mouse lungs of 290 days implies that 50% of pulmonary Cd is cleared 290 days after termination of an exposure, and MT levels are reduced correspondingly. In rats, however, the Cd-retention half-time of 90 days implies that almost 90% of pulmonary Cd is eliminated by 290 days after termination of exposure, and corresponding MT levels are near background. The more rapid turnover of pulmonary MT in rats with subsequent release of Cd-i.e., greater Cd dose rate for target cellsmay contribute to the greater sensitivity of rats for Cd-induced lung tumors.
What are the implications of the current work in the understanding of Cd-induced pulmonary tumorigenesis? Mice appear to be protected from Cd-induced lung tumorigenesis, whereas rats showed a significant dose-related tumor response (Takenaka et al., 1983; Heinrich et al., 1989) . Target cells for tumorigenicity in the rat are the epithelial cells of the peripheral lung regions. Results of our current investigation can be summarized as showing that mice have a longer pulmonary retention half-time of inhaled Cd, a corresponding greater persistence of pulmonary MT, a longer-lasting inflammatory response, and a greater baseline level of MT potentially available for sequestering Cd. It is also known from our previous work that mice have a greater cell proliferative response and more pronounced MT protein expression in their bronchial and alveolar airway epithelial cells after Cd aerosol exposures (Oberdorster et al., 1994) . This may imply that in spite of the more sustained inflammatory and proliferative epithelial cell response to Cd exposure, the greater baseline MT concentration and greater MT induction in epithelial target cells as well as the longer persistence of pulmonary MT act as protective defense mechanisms in the mouse against Cd carcinogenicity. These results suggest that increased cell proliferation and prolonged inflammatory response are correlated with lower tumor incidence, which is somewhat paradoxical. Current thinking is based on findings that increased proliferation of epithelial cells and/or increased inflammation eventually results in increased frequencies of neoplastic transformation of epithelial cells (Preston-Martin et al., 1990; Monticello et al., 1991; Albanies and Winick, 1988) . Mechanisms, however, are not well understood and examples exist for both humans and rodents that cell proliferation caused by organ-specific toxins is not necessarily a tumor promoter or cocarcinogen (Ward et al., 1993) . As suggested above, the locally increased MT in epithelial cells of the mouse lung and its longer persistence can provide an explanation for the greater resistance of mice against Cd-induced lung tumors. The results show also that other signs of Cd toxicity, inflammation, and cell proliferation, are not necessarily reduced by locally induced MT.
The marked difference between the exposure-response and dose-response relationships between the two species is interesting from a toxicological point of view. If just the exposure-response relationships are considered, the conclusion would be that mice have a much greater pulmonary MT response to inhaled Cd than rats. But the dose-response curves clearly demonstrate how similar the two species are with respect to MT induction in total lung. This observation demonstrates how important it is for inhalation studies to determine the deposited and retained dose in the lung instead of using a measured exposure as a surrogate of dose. Additionally, as shown in our previous study, it is important to study local cellular distribution of induced protein such as MT in the lung (Oberdorster et al., 1994) .
The relevance of our results in two species and its extrapolation to humans needs to be addressed. IARC (1993) has determined that Cd is a human carcinogen. However, although the association between lung cancer mortality and cumulative exposure to cadmium was demonstrated in cadmium smelter workers (Stayner et al., 1992) , the same authors have acknowledged that it was "impossible to fully discount the potential influence of arsenic exposure" in this cohort (Stayner et al., 1992; . Based on results in nonhuman primates it has been proposed that in humans, the retention of Cd in the lung is likely to be longer than that in rats or mice (Oberdorster and Cox, 1990 ). Since we found in our present study that lung MT levels were associated with pulmonary Cd levels in the postexposure period and that both pulmonary Cd and MT persisted longer in mice, it is tempting to speculate that Cd-exposed humans also have increased pulmonary MT for longer times and, therefore, are better protected from Cd cytotoxicity. There is little information on the basal MT level and its inducibility in human lung, but it is less than that in liver (Waalkes and Cherian, unpublished data) . It will require greater understanding of the species differences in cellular distribution and molecular responses to Cd exposure before reasonable extrapolation to humans can be made from rat or mouse models. For this purpose, in vitro comparisons of the response of human and rodent lung cell lines and lung tissues to Cd exposure should be evaluated using tissue cultures of human and rodent lungs (Placke and Fisher, 1987) . Specifically, MT induction and cytokine mediators of inflammation need to be evaluated on a comparative basis between human and rodent lung tissues.
In conclusion, the present study demonstrates that rats and mice will exhibit dose-dependent lung inflammatory responses and dose-dependent lung MT induction after inhaled CdCl 2 exposure. However, mice have a much longer pulmonary retention of inhaled Cd, a more prolonged inflammatory response, prolonged increase in pulmonary MT, and a greater baseline level of MT in the lung when compared to the rat. The mechanisms involved in protective effects in mice against Cd lung carcinogenicity are not yet understood. However, the differences in induced and baseline pulmonary MT levels in concert with localized MT protein expression in airway epithelial cells may represent increased protection from pulmonary carcinogenicity of inhaled Cd compounds in mice.
